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During early embryonic development, IP3–Ca21 signaling transduces ventral signaling at the time of dorsoventral axis
ormation. To identify molecules functioning upstream in this signal pathway, we examined effects of a panel of inhibitory
ntibodies against Gaq/11, Gas/olf, or Gai/o/t/z. While all these antibodies showed direct inhibition of their targets, their
ffects on redirection of the ventral mesoderm to a dorsal fate varied. Anti-Gas/olf antibody showed strong induction of
dorsal fate, anti-Gai/o/t/z antibody did so weakly, and anti-Gaq/11 antibody was without effect. Injection of bARK, a Gbg
inhibitor, mimicked the dorsalizing effect of anti-Gas/olf antibody, whereas injection of adenylyl cyclase inhibitors at a
oncentration which inhibited Gas-coupled cAMP increase did not do so. The activation of Gas-coupled receptor gave rise
o Ca21 transients. All these results suggest that activation of the Gas-coupled receptor relays dorsoventral signal to Gbg,
hich then stimulates PLCb and then the IP3–Ca21 system. This signaling pathway may play a crucial role in transducing
ventral signals. © 2000 Academic Press
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fINTRODUCTION
Activation of phosphatidylinositide (PI) signaling triggers
hydrolysis of phosphatidylinositol 4,5-bisphosphate (PIP2)
ia activation of phospholipase C (PLC), producing inositol
,4,5-trisphosphate (IP3) and diacylglycerol (Berridge, 1984).
P3, in turn, triggers the release of Ca21 from the endoplas-
mic reticulum by binding to IP3 receptor (IP3R). Molecular
cloning revealed that there are at least three types of PLC:
PLCb, PLCg, and PLCd: The g-type isozymes of PLC
(PLC-g1 and PLC-g2) are specifically activated by receptor
or nonreceptor protein-tyrosine kinases, whereas the b-type
LC isozymes (PLCb-1, PLC-b2, PLC-b3) are specifically
activated by the Gaq class of G proteins, or G protein bg
subunit (Rhee and Choi, 1992; Park et al., 1993; Bourne,
1997).
IP3–Ca21 signaling apparently has a role in dorsoventral
1 To whom correspondence should be addressed. E-mail:
skume@ims.u-tokyo.ac.jp.
88axis formation as implicated by the action of lithium
chloride in many species (Kao et al., 1986; Berridge et al.,
1989 for review; Ciapa and Maggio, 1993; Stachel et al.,
1993; Hassel and Bieller, 1996). Lithium chloride is postu-
lated to be an inhibitor of the PI cycle by inhibiting
enzymes participating in hydrolysis of intermediate inosi-
tol phosphates, inositol monophosphate phosphatase, and
inositol polyphosphate 1-phosphatase, thus blocking recy-
cling of IP3 into inositol (Berridge et al., 1989). Although
there are also reports that lithium has other targets such as
glycogen synthase kinase 3b (Klein and Melton, 1996;
Hedgepeth et al., 1997), teratogenetic effects of lithium can
be overcome if inositol is co-injected (Busa and Gimlich,
1989), thus making plausible the “inositol depletion hy-
pothesis.” Moreover, there is a transient rise in IP3 mass in
arly embryos of Xenopus (Maslanski et al., 1992). Gain of
unction analysis by elevation of intracellular free Ca21
concentration ([Ca21]i) through the overexpressed 5HT1c
receptor revealed that a rise in [Ca21]i could lead to ventral-
ization of embryos (Ault et al., 1996). We earlier reported
0012-1606/00 $35.00
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89Gas–Gbg Signaling as a Ventralizing Signalthat inhibition of Ca21 release through IP3R, using specific
nhibitory antibodies against Xenopus IP3R (XIP3R), re-
ulted in conversion of ventral mesoderm to dorsal meso-
erm (Kume et al., 1997b; Kume, 1999). Inhibitory effects of
he antibodies correlated well with their dorsalizing activi-
ies. These lines of evidence are interpreted to mean that
he IP3–Ca21 signaling functions as an active ventralizing
signal in early embryos.
In an attempt to determine whether receptor-coupled
heterotrimeric G protein is responsible for the activation of
the IP3–Ca21 signaling in early embryonic development, we
sed functional inhibitory antibodies raised against
-terminal receptor-interacting portions of G protein a
subunits to inhibit coupling to downstream effectors.
Blockade of signaling through Gas or Gai/o induced con-
ersion of ventral mesoderm to dorsal mesoderm in Xeno-
us embryos, at a potency of anti-Gas antibody @ anti-
ai/o antibody, whereas inhibition of signaling through
aq did not do so. This dorsalizing effect of the anti-Gas
ntibody can be mimicked by inhibition of signaling
hrough bg subunits with the overexpression of the
-terminus of b-adrenergic receptor kinase (bARK) RNA
Koch et al., 1994), but not by the inhibition of adenylyl
yclase. These results strongly suggest a role for the Gbg
subunit rather than the direct role of the Gas subunit itself.
hen we asked if Gas activation would elicit IP3-induced
Ca21 release (IICR) in Xenopus animal caps, we found that
ligand (arterenol)-dependent activation of Gas elicited Ca21
transients. Injection of inhibitory antibodies against Gas
nhibited the IICR response as well as adenylyl cyclase
ctivation. These data strongly suggest that ventralizing
TABLE 1
G Protein a Subunit Peptides Used to Produce Antibodies
Antibody
Antigen sequenc
corresponding
Anti-Gaq/11 NAa (mouse Gaq/11 1
NA (Xenopus Gaq)
NA (Xenopus Ga11)
Anti-Gas/olf NDCRDIIQRMHLRQ
NDCRDIIQRMHLRQ
Anti-Gai/o/t/z TCATDTSNIQFVFDA
TCATDTQNIQFVFDA
TCATDTKNVQFVFD
TCATDTKNVQFVFD
Note. The peptide sequences used for generation of antibodies ar
equences compared with those of Xenopus G-protein sequences.
protein subtypes and are highly conserved between species. Sequen
Guttridge et al. (1995). Sequences for Xenopus Gas, Gao, Gai-1, an
as is described by Itoh et al. (1986). The sequence for rat Gaz is
U77484). The sequences for mouse Gaq/11 are described by Strath
a The epitope for anti-Gaq/11 is 15–20 amino acids in length, bu
nd cannot be given out by Santa Cruz Biotechnology, Inc.
b The information for percentage identities of the correspondingignals from the IP3–Ca21 signaling pathway involve activa-
Copyright © 2000 by Academic Press. All righttion of Gas or the Gai/o protein family and subsequently
bg-mediated PLCb activation.
MATERIALS AND METHODS
SQ 22536 and MDL 12330A were purchased from Research
Biochemicals International.
Antibodies. Affinity-purified rabbit polyclonal antibodies
against peptides corresponding to amino acid sequences mapping at
the carboxyl termini of Gas/olf, Gaq/11, or Gai/o/t/z were pur-
hased from Santa Cruz Biotechnology. The sequences of the
eptides used to produce the antibodies and the percentage identi-
ies of the corresponding sequences of Xenopus G protein are
ummarized in Table 1. Anti-Gas/olf (C-18), Cat. No. sc-383,
pitope corresponds to a sequence mapping at amino acid residues
77–394 of Gas of rat origin. Anti-Gaq/11 (C-19), Cat. No. sc-392,
epitope corresponds to an amino acid sequence mapping within a
domain common to Gaq and Ga11 of mouse origin. Anti-Gai/o/t/z
C-20), Cat. No. sc-386, epitope corresponds to an amino acid
equence within a highly conserved epitope mapping at amino acid
esidues 325–344 of Gaz of rat origin. Affinity-purified normal
rabbit IgG was purchased from Cappel. To exclude BSA and other
additives, specific antibodies or normal rabbit antibodies were
further purified with protein A affinity chromatography, dialyzed
against injection buffer (88 mM NaCl, 1 mM KCl, 15 mM Tris–
HCl, pH 7.5), and concentrated to 1–3 mg/ml with Ultrafree-MC
(Millipore, Bedford, MA).
Western blots. Crude lysates from Xenopus oocytes were used.
Xenopus oocytes were homogenized in lysis buffer, containing 10
mM Tris, pH 7.5, 150 mM NaCl, 2 mM EDTA, 2 mM EGTA, 1%
Nonidet P-40, 4 mM phenylmethylsulfonyl fluoride. The homog-
enates were briefly centrifuged at 1000g for 5 min and superna-
cies origin, Ga) and
pus sequence (Ga) % Identity
aa)
100b
94b
(rat, Gaz, 377–394)
(Xenopus Gas, 362–379) 100
VI (rat, Gaz, 325–344)
VI (XGao, 324–343) 95
DVI (XGai-1, 324–343) 90
DVI (XGai-3, 315–324) 90
wn. Numbers indicate % identities of amino acids in the antigen
high % identities show that the antigens are specific between Ga
r Xenopus Gaq and Ga11 are described by Shapira et al. (1994) and
i-3 are described by Olate et al. (1989, 1990). The sequence for rat
ribed by Chang et al. (unpublished data, GenBank Accession No.
n et al. (1990).
exact peptide sequence of the epitope is proprietary information
opus sequences was provided by Santa Cruz Biotechnology, Inc.e (spe
Xeno
5–20
YELL
YELL
VTD
VTD
AVT
AVT
e sho
The
ces fo
d Ga
desc
man
t thetants were loaded onto 10% SDS–PAGE. Immunoblots were probed
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90 Kume, Inoue, and Mikoshibawith the antibodies described above. Blots were visualized using
ECL (Amersham).
RNA in vitro transcription. The wild-type b-transducin (Sugi-
moto et al., 1985), PCR-amplified g-transducin (Hurley et al.,
1984), and b2-adrenergic receptor gene cDNAs were subcloned into
pCS21 vector (Turner and Weintraub, 1994). Bovine bARKCT
(named pRK-bARK1-(495–698)), corresponding to amino acids 495–
89 of bovine bARK1 cDNA (Benovic et al., 1989), was as described
previously (Koch et al., 1994). bARKNT (corresponding to amino
acids 329–496 of rat bARK1 cDNA (Arriza et al., 1992)) was
btained by PCR amplification using the sense oligonucleotide
AATTTGAATTCTGAGCATGGCCATGTGAGAAT and the
ntisense oligonucleotide AAATTTTCTAGATTATTTTGTGTC-
TCCTCATCAAAG, as described (Giambarella et al., 1997), and
he amplified fragment was subcloned into pCS21 vector. Plasmids
ere linearized and cRNAs were synthesized in vitro, using
MESSAGE mMACHINE (Ambion).
[Ca21]i measurement. Gene expression, injections of antibod-
es, and calcium measurements were done as described (Kume et
l., 1997b). Briefly, the calcium indicator fura-2 was injected into
arginal zones of both blastomeres at the 2-cell stage (final
oncentration 20 mM), followed by injection of an RNA cocktail,
nd then with a third injection of antibodies. All injections were
one no later than the 4-cell stage and were given at four equally
paced sites into the marginal zones to ensure even diffusion in
ach of the 4 blastomeres. For assays of Gaq/11 activity, musca-
rinic acetylcholine receptor type 1 (mAChR1) RNA was used (4 ng
per embryo). Cytoplasmic Ca21 was measured by the ratio imaging
ethod as described (Kume et al., 1997b). Embryos given the
njection were allowed to develop until the early blastula stage of
2–128 cells and then assayed for calcium mobilization. Animal
aps were cut off in 13 modified Barth’s solution [MBS; 88 mM
aCl, 1 mM KCl, 2.4 mM NaHCO3, 10 mM Hepes (pH 7.5), 0.82
mM MgSO4, 0.33 mM Ca(NO3)2, 0.41 mM CaCl2] and placed with
the pigmented side upward onto a glass coverslip pretreated with
Cell-Tak adhesive (Collaborative Research). The fluorescence was
monitored by epifluorescence microscopy equipped on an inverted
microscope (IX-70; Olympus) with a 103 fluorescence objective
(UPlanApo NA 0.40). Measurements were done with excitation
light of 340 and 380 nm, and emitted fluorescence was collected
through a 508–532 nm band pass filter as images with a cooled
CCD camera (PXL-37; Photometrics, Tucson, AZ). Addition of
ligand (carbachol) was done by bath application to a final concen-
tration of 100 mM. Changes in the fluorescence intensities at 340
nd 380 nm with time were recorded and analyzed using TIWB
oftware written by T.I. running on a Macintosh computer. For
uantification of Gaq-coupled Ca21 mobilization, the averages of
uorescence intensity from nearly the entire area of the animal
aps were obtained and the fura-2 signals were converted to Ca21
concentration by an in vitro calibration method described by
Poenie (1990). Similar procedures were used for assays of Gas. In
his case, b2-adrenergic receptor (b2AR) (4 ng per embryo) was
o-injected with Gb (4 ng per embryo) and Gg (2 ng per embryo)
NAs. Animal caps were cut off at stage 8–9 and subjected to Ca21
imaging. Addition of ligands (arterenol) was done by bath applica-
tion to a final concentration of 10 mM. Since only a small portion
of animal cap cells showed Ca21 transients, quantification was
one by counting the number of responding cells and the Mann–
hitney U test was used for statistics.
[cAMP] measurements. Cytoplasmic cAMP concentration was
measured using ratio imaging microscopy and the cAMP fluorosen-
sor FLCRhR (recombinant fluorescein- and rhodamine-labeled P
Copyright © 2000 by Academic Press. All rightcAMP-dependent protein kinase A) (Molecular Probes). FLCRhR
functions as a single-excitation dual-emission dye for [cAMP], the
emission spectrum changing upon cAMP binding (Adams et al.,
1991; DeBernardi and Brooker, 1996). The injection procedures
were similar to those of the Ca21 imaging experiments described
above. FLCRhR was injected into marginal zones of each blas-
tomere at the two-cell stage at a final concentration of 20 mM. For
ssays for Gas activities, embryos were subsequently injected with
b2AR (4 ng per embryo) RNA at the two-cell stage, followed by a
third injection of anti-Gas/olf antibody, normal rabbit IgG, or
reagents. All injections were done no later than the four-cell stage
and were given into the marginal zone of each of the four blas-
tomeres, so that the reagents would distribute evenly. The injected
embryos were kept in the dark. Animal caps of blastula stage (stage
8–9) embryos were excised and subjected to cAMP imaging. Arter-
enol at a final concentration of 100 mM was bath applied to activate
as-coupled b2AR. Fluorescence was excited by 470- to 490-nm
and-passed light. Time-lapse image pairs were recorded with a pair
f emission filters (515–550 nm band pass (F520) and 580 nm long
ass (F580)), and the F520/580 ratio, which corresponds to [cAMP],
as calculated after subtraction of background light. For quantifi-
ation of Gas-coupled cAMP increase, peak amplitudes of [cAMP]
(F520/580 ratio) changes were subtracted with baseline and calcu-
lated as a percentage ratio versus baseline values.
For assays for Gai/o/t/z, following FLCRhR injection, embryos
ere co-injected with a cocktail of Gai/o/t/z-coupled mAChR2 and
Gas-coupled b2AR RNAs each at 4 ng per embryo, followed by a
third injection of anti-Gai/o/t/z antibody or normal rabbit IgG.
Stage 8–9 animal caps were excised and subjected to cAMP
imaging. Arterenol (100 mM) was applied to stage 8–9 animal caps
to stimulate Gas-coupled receptor activation. After [cAMP] in-
crease reached its plateau level, the animal caps were washed by
several transfers to 10 ml of fresh MBS, and carbachol (100 mM) was
dded to activate Gai/o-coupled mAChR2. The decrease phase of
the F520/580 ratio induced by carbachol was fitted to a line and the
slopes (ratio/min) were calculated and compared.
Marginal zone explant assays. RNAs or specific antibodies
against C-termini of Gas/olf, Gai/o/t/z, or Gaq subunits or control
normal rabbit IgG were injected into the marginal zones of each
blastomere at the two-cell stage at two separate sites to facilitate
diffusion. The amount of antibodies injected was 32 ng per embryo
(8 ng/blastomere equivalent at four-cell stage). The amount of RNA
injected was 4 ng per embryo (1 ng/blastomere equivalent at
four-cell stage) for bARK RNAs or b-globin RNA. Dorsal or ventral
marginal zones were explanted from stage 10–10.5 early gastrula
embryos on 1% agarose lined dishes. The explants were cultured in
13 MBS until siblings reached desired stages.
Analysis of RNA by RT-PCR. Total RNA was isolated from 10
explants, using guanidium thiocyanate (Chomczynski and Sacchi,
1987). Reverse transcription was carried out using MMLV reverse
transcriptase with oligo(dT) primers. For each set of primers, serial
dilutions of cDNA and cycle numbers required for the linear range
in the RT-PCR were determined empirically. Primer pairs for
chordin, follistatin, noggin, a-actin, Xvent-1, and EF-1a used here
ere as described (Stutz and Spohr, 1986; Krieg et al., 1989; Smith
nd Harland, 1992; Hemmati-Brivanlou et al., 1994; Sasai et al.,
994; Gawantka et al., 1995). One-fourth of the RT-PCR products
ere loaded onto 5% nondenaturing PAGE and the gels were
verlaid with DNA-sensitive dye, SYBR Green I (Molecular
robes), and analyzed using FluoroImager (Molecular Dynamics).
s of reproduction in any form reserved.
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91Gas–Gbg Signaling as a Ventralizing SignalRESULTS
Identification of Ga family proteins in Xenopus. We
eported that IP3–Ca21 signaling has a role in mediating
entralizing signals during early Xenopus embryogenesis
etermined using specific antibodies against XIP3R (Kume
t al., 1997b). Since details on the signal cascade which
auses the release of Ca21 have not been documented in the
case of dorsoventral axis formation in early embryos, we
asked if heterotrimeric G proteins are endogenous upstream
signal transduction elements responsible for activation of
the PI system during early embryogenesis.
The extreme carboxyl terminus and parts of the a5 helix
of Ga define the specificity of G protein–receptor interac-
ions and can be disrupted by pertussis toxin ADP ribosy-
ation or binding of antibodies against the C-terminus
Rens-Domiano and Hamm, 1995; Lambright et al., 1996).
ntibodies raised against C-terminal peptides of G protein
a subunits have been used successfully to inhibit G protein
function in a variety of systems (Gutowski et al., 1991;
Meinkoth et al., 1992; LaMorte et al., 1993; Yang et al.,
1993; Wilson et al., 1997). Here, we used antibodies raised
against the C-termini of various Ga proteins and tested
their potential as functional inhibitory antibodies. The
antibodies we used were made against peptides in the
C-terminal regions of Gaq/11, Gas/olf, or Gai/o/t/z of
mammalian origin. The peptide sequences of the epitopes
were identical or almost identical to the corresponding
sequences of Xenopus oocyte a subunits (Table 1). The
epitope of mouse Gaq/11 (Strathmann and Simon, 1990)
hares 100% identity with the Xenopus Gaq and 94%
homology with the Xenopus Ga 11-amino-acid sequence
(Shapira et al., 1994; Guttridge et al., 1995). The epitope for
rat Gas (Itoh et al., 1986) is 100% identical with that of
enopus Gas (Olate et al., 1990). The epitope for anti-Gai/
o/t/z has over 90% identity with that of Xenopus Gai-1,
Gai-3, or Gao (Olate et al., 1989, 1990). To test the cross
reactivity of the specific polyclonal antibodies with Xeno-
pus Gaq/11, Gas, or Gai/o, Western blot analysis using
enopus oocyte crude lysate was performed (Fig. 1). Anti-
aq/11, anti-Gas/olf, and anti-Gai/o/t/z antibodies all
showed cross reactivities with a band with a molecular
weight of approximately 42 kDa. These results agreed well
with the calculated molecular masses of cloned Xenopus
Gaq/11, Gas, Gao, Gai-1, and Gai-3, which are approxi-
ately 42, 43, 40, 40, and 40 kDa, respectively (Olate et al.,
990; Otte et al., 1992). Among these antibodies, anti-
aq/11 and Gas/olf antibodies cross reacted with strong
affinities, as expected from the 100% identities of the
epitope with those of Xenopus. Anti-Gai/o/t/z antibody
ross reacted with a lower intensity and nonspecifically
ecognized additional bands, which reflects a slightly lower
dentity of the epitope it recognized (Table 1).
Antibodies against C-terminal regions of Gaq/11, Gas/
olf, and Gai/o/t/z act as functional inhibitory antibodies. fl
Copyright © 2000 by Academic Press. All righte first examined the effect of anti-Gaq/11 antibody on
igand-evoked Gaq/11-coupled receptor activation. To en-
hance Gaq/11-coupled responses, Gaq/11-coupled mAchR1
Fukuda et al., 1987) was overexpressed in Xenopus em-
ryos. Ligand-operated activation of mAChR1 was exam-
ned upon addition of carbachol by monitoring [Ca21]i, using
ura-2, a Ca21 indicator. Because of the opaque nature of the
Xenopus embryo, it is easier and more sensitive to use
animal caps, which consist of thin cell layers of small cell
sizes, for imaging experiments than using vegetal cells.
Animal caps of Xenopus early blastula embryos (32- to
128-cell stage) previously injected with fura-2, mAChR1
RNA, and anti-Gaq/11 antibody or control normal rabbit
IgG were excised and subjected to Ca21 imaging. Injection of
nti-Gaq/11 antibody diminished the ligand (carbachol)-
perated activation of mAchR1 at a dose of 8 ng/
lastomere, which gave a final cytoplasmic concentration
f approximately 40 mg/ml, supposing the volume of cyto-
plasm is 200 nl per blastomere at 4-cell stage. Injection of
the same amount of the control normal rabbit IgGs did not
significantly inhibit the response (Fig. 1A; two-tailed paired
Student’s t test, P , 0.001). Therefore, anti-Gaq/11 anti-
body functioned as a functional inhibitory antibody.
Next, we extended our study on the effects of anti-Gas/
lf antibody or anti-Gai/o/t/z antibody on Gas- or Gai/o-
coupled signaling. To increase the Gas-coupled signals,
turkey Gas-coupled b2AR (Yarden et al., 1986) was overex-
ressed in animal caps of Xenopus early embryos. Ligand-
operated activation of Gas was assessed by monitoring real
ime cytoplasmic cAMP concentration, using cyclic AMP
uorosensor (FLCRhR). FLCRhR consists of cAMP-
ependent protein kinase A in which murine recombinant
atalytic and type II regulatory subunits are labeled with
FIG. 1. Western blot analysis of cross reactivities of Ga poly-
lonal antibodies against Xenopus. Xenopus oocyte crude extracts
(20 mg) were loaded onto each lane. Specific affinity-purified
polyclonal antibodies against Gaq/11 (Gq/11), Gas/olf (Gs/olf), and
Gai/o/t/z (Gi/o/t/z) were used. Single bands (marked by an arrow-
head) with strong intensity were detected with antibodies directed
against Gaq/11 or Gas/olf proteins, indicating that these antibod-
es reacted specifically with Xenopus Gaq/11 and Gas/olf. Anti-
ody against Gai/o/t/z also recognized a band with a similar
molecular weight.uorescein and rhodamine, respectively. The use of FL-
s of reproduction in any form reserved.
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92 Kume, Inoue, and MikoshibaCRhR makes it feasible to visual time-dependent and
spatial distribution of cAMP changes in living cells. Animal
caps of blastula stage (stage 8–9) embryos that previously
received injection of FLCRhR, b2AR RNA, and anti-Gas/olf
antibody or control IgG were excised and subjected to
cAMP imaging. In this case, stage 8–9 animal caps were
used because we could not detect enough functional b2AR
response until this stage, probably due to a delay in the
expression of b2AR compared to that of mAChR1 in the
above Gaq/11 assays. In control animal caps, a rise in
[cAMP] was observed in almost the entire area of the animal
cap upon bath application of arterenol (Fig. 2B, top). The
time course of the ligand-evoked rise in [cAMP] resembled
that of the ligand-evoked Gas-coupled b2AR activation as
measured by cAMP increase in C6-2B glioma cells using
FLCRhR (DeBernardi and Brooker, 1996). In animal caps
injected with anti-Gas/olf antibody at 8 ng/blastomere
approximately corresponds to a final cytoplasmic concen-
ration of 40 mg/ml), no significant rise in [cAMP] was
observed (Fig. 2B, bottom). We compared peak amplitudes
in [cAMP] (F520/580 ratio) between anti-Gas/olf antibody-
njected animal caps (n 5 12) and those of the control
normal rabbit IgG-injected animal caps (n 5 10). Since the
baseline value of [cAMP] differs in each individual animal
cap, peak amplitudes of [cAMP] changes were normalized
by dividing by baseline values (% ratio). In control animal
caps, an average of 5% change in peak [cAMP] was ob-
served, whereas in anti-Gas/olf antibody-injected animal
caps, ligand-evoked [cAMP] rise was inhibited (P , 0.0001,
as determined by Mann–Whitney U test; Fig. 2C). These
results thereby show that antibody directed against the
C-terminus of Gas/olf antibody acts as a functional inhibi-
tory antibody in Xenopus early embryos. Although there
was no significant difference between the baseline [cAMP]
of anti-Ga/olf antibody-injected animal caps and those of
he control rabbit IgG-injected animal caps (P . 0.05, as
etermined by Mann–Whitney U test), there was a ten-
ency for the baseline [cAMP] levels in anti-Gas/olf
ntibody-injected animal caps to be higher than those in
ontrol animal caps.
Next, we examined the effect of anti-Gai/o/t/z antibody
using a similar cAMP imaging assay. Injections were done
similar to those in the anti-Gas/olf antibody assays, except
hat Gai/o-coupled mAChR2 (Peralta et al., 1987) was
oexpressed with b2AR. First, cAMP increase was evoked
by bath application of arterenol. After [cAMP] reached peak
level, arterenol was washed out and carbachol was added to
activate Gai/o-coupled mAChR2 activation. Ligand-
perated activation of Gai/o was assessed by comparing the
slope of the decrease phase of [cAMP]. Injection of anti-Gai/
o/t/z antibody at 8 ng/blastomere (approximately corre-
sponds to a final cytoplasmic concentration of 40 mg/ml)
significantly decreased the ligand-operated inhibition of
adenylyl cyclase by carbachol (Mann–Whitney U test, P ,
0.05) (Figs. 2D and 2E), whereas the slope of the rising phase
of [cAMP] by arterenol was not significantly different be-
tween the anti-Gai/o/t/z antibody-injected animal caps and c
Copyright © 2000 by Academic Press. All righthe control animal caps (P . 0.05, as determined by
Mann–Whitney U test). This result showed that anti-Gai/
/t/z antibody also functioned as a blocking antibody.
owever, compared to anti-Gas/olf antibody, anti-Gai/o/
t/z antibody showed a poorer inhibition activity, probably
due to its lower antigen cross reactivity (Fig. 1). There was
no significant difference in the baseline [cAMP] between
anti-Gai/o/t/z antibody-injected animal caps and control
abbit IgG-injected animal caps (P . 0.05, as determined by
Mann–Whitney U test). However, there was a tendency for
the baselines of [cAMP] in anti-Gai/o/t/z antibody-injected
animal caps to be higher than those in the control antibody-
injected animal caps, similar to the case of anti-Gas/olf
ntibody.
Signaling through Gas/olf or Gai/o/t/z, but not Gaq/11,
lays a role in dorsoventral patterning in Xenopus. After
onfirming that the antibodies against the C-terminal re-
ions of Gaq/11, Gas/olf, and Gai/o/t/z were functionally
nhibitory, we next examined effects of these blocking
ntibodies on dorsoventral axis formation. Since Gaq/11 is
a well-known Ga protein that activates PLCb1 and, subse-
uently, the IP3–Ca21 signaling pathway, we first examined
the possibility that Gaq/11 takes part in signaling events
uring dorsoventral axis formation. However, injection of
he anti-Gaq/11 antibody into the ventral blastomere of
four-cell stage Xenopus embryos did not induce an ectopic
dorsal axis when given at a dose of 8 ng/blastomere, at
which concentration ligand-operated Ca21 release was in-
ibited (Figs. 3A and 3B). Thus Gaq/11 subunits apparently
do not participate in dorsoventral axis formation in Xeno-
pus early embryonic development.
In contrast to the anti-Gaq/11 antibody, injection of
anti-Gas/olf antibody induced an ectopic dorsal axis at high
requency at a dose of 8 ng/blastomere (cytoplasmic con-
entration of 40 mg/ml). Injection of anti-Gai/o/t/z antibody
also induced an ectopic dorsal axis, albeit at a lower
efficiency, while control rabbit IgG was without effect (Fig.
3A). The induced ectopic dorsal axis was a partial posterior
axis lacking a head, consisting of ectopic muscle and neural
tissues but without a notochord (Fig. 3C). To determine if
the dorsal axis induction by these inhibitory antibodies was
due to conversion of ventral mesoderm to dorsal mesoderm,
expression of various dorsal or ventral molecular markers in
marginal zone explants was studied. RT-PCR studies re-
vealed that in VMZ explants anti-Gas/olf antibody injec-
tion induced expression of early dorsal markers (Fig. 3D)
such as the organizer genes chordin (Sasai et al., 1994) and
noggin (Smith and Harland, 1992), which was not observed
in control IgG-injected VMZ explants. Anti-Gai/o/t/z anti-
body injection induced chordin expression strongly but
noggin expression weakly. This result correlates with the
lower ectopic dorsal axis frequency resulting from anti-Gai/
o/t/z antibody injection. The expression of a ventral-
specific homeobox gene, Xvent-1 (Gawantka et al., 1995),
was inhibited in VMZs injected with anti-Gas/olf or anti-
Gai/o/t/z antibody (Fig. 3D), but not in those injected with
ontrol IgG. These results are interpreted to mean that
s of reproduction in any form reserved.
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93Gas–Gbg Signaling as a Ventralizing SignalFIG. 2. Antibodies against C-termini of Gaq/11, Gai/o/t/z, or Gas/olf all act as inhibitory antibodies in Xenopus embryos. Antibodies were
njected at 8 ng per blastomere. Numbers of embryos examined are shown in parentheses. (A) mAChR1-mediated Ca21 mobilization in animal
caps was significantly inhibited by injection of antibody directed against the C-terminus of Gaq/11 (aGaq/11), but not by normal rabbit IgG
(rIgG). Peak values of intracellular Ca21 concentration ([Ca21]i) in animal caps before (open bars) and after (closed bar, IgG injected; striped bar,
aGaq/11 injected) carbachol application are shown as means 6 standard errors of the mean (SEM). **P , 0.001, as determined by two-tailed,
paired Student’s t test. Numbers of animal caps examined are shown in parentheses. (B) b2AR receptor-mediated adenylyl cyclase activation was
ignificantly inhibited by injection of antibody directed against the C-terminus of Gas/olf (aGas/olf) but not by normal rabbit IgG. Embryos at
- to 4-cell stage were injected sequentially with FLCRhR at 20 mM, b2AR RNA, and then normal rabbit IgG or anti-Gas/olf antibody. Animal
caps of blastula stage (stage 8–9) embryos were excised and subjected to cAMP imaging. Increase in cAMP was observed upon ligand, arterenol
application. Time courses of cAMP changes are shown as F520/F580 ratio by calculating the average fluorescence intensity from nearly the entire
area of animal caps. Typical time courses of F520/F580 ratio in a control normal rabbit IgG-injected animal cap (top trace) and in an anti-Gas/olf
antibody-injected animal cap (bottom trace) are shown. The stippled bars show application of 100 mM arterenol. There was no significant
difference between the baseline F520/F580 ratio values of anti-Ga/olf antibody-injected animal caps and those of the control animal caps. P .
.05, as determined by Mann–Whitney U test. (C) Statistical analysis. Peak amplitudes of changes in [cAMP] (F520/F580 ratio) were compared
etween anti-Gas/olf antibody-injected animal caps (n 5 12) and control normal rabbit IgG-injected animal caps (n 5 10). Peak changes in [cAMP]
are shown as % ratio change normalized by baseline values. Values (% ratio) are expressed as means 6 SEM. Compared to an average of 5%
change in peak [cAMP] in control animal caps, animal caps injected with anti-Gas/olf antibody did not show an increase in [cAMP]. ***P ,
.0001, as determined by Mann–Whitney U test. Numbers of animal caps examined are shown in parentheses. (D) Typical time-course plots of
cAMP] changes in animal caps injected with anti-Gai/o/t/z antibody (aGai/o/t/z; bottom trace) or control normal rabbit IgG (top trace) are shown
s F520/F580 ratio. Embryos were injected sequentially with FLCRhR, an RNA cocktail of Gai/o/t/z-coupled mAChR2 and Gas-coupled-bAR
NAs, and then anti-Gai/o/t/z antibody or normal rabbit IgG. Stage 8–9 animal caps were excised and subjected for cAMP imaging. The data
ere obtained by calculating the average fluorescence intensity from nearly the entire area of animal caps. [cAMP] level is first elevated by bath
pplication of b2AR agonist, arterenol (striped bars). After wash, carbachol (mAChR2 agonist) was applied (filled bars) to measure Gai/o activity
i.e., decrease in [cAMP]). The slope (measured by fitting to a line; gray lines) of the decrease phase of F520/F580 ratio induced by carbachol was
arger in animal caps injected with anti-Gai/o/t/z antibody. There was no significant difference in the baseline F520/F580 ratio values and in the
ising phase slopes between anti-Gai/o/t/z antibody-injected animal caps and the control rabbit IgG-injected animal caps. P . 0.05, as determined
y Mann–Whitney U test. Gray dotted lines are indicated to clarify the slopes. (E) Statistical analysis. Gai/o-mediated adenylyl cyclase inhibition
was significantly blocked by injection of antibody directed against the C-terminus of Gai/o/t/z (n 5 6) but not by normal rabbit IgG (n 5 5). The
decrease phase of F520/F580 ratio induced by carbachol was fitted to a line and the slope was calculated and compared. Slope amplitudes (ratio/s)
are expressed as means 6 SEM. *P , 0.05, as determined by Mann–Whitney U test. Numbers of animal caps examined are shown in parentheses.
Copyright © 2000 by Academic Press. All rights of reproduction in any form reserved.
e94 Kume, Inoue, and MikoshibaFIG. 3. Ventral injection of inhibitory antibodies directed against the C-termini of Gas and Gai/o/t/z, but not that of Gaq/11, showed
ctopic axis-inducing activity, with a potency of anti-Gs/olf @ anti-Gai/o/t/z. (A) Histogram of frequency of axis duplication induced by
injections of different doses of antibodies into two ventral blastomeres at the four-cell stage. Neither anti-Gaq/11 antibodies (aGaq/11) nor
normal rabbit IgG (rIgG) induced an ectopic dorsal axis. Injection of anti-Gas/olf (aGas/olf) or anti-Gai/o/t/z antibodies (aGai/o/t/z)
Copyright © 2000 by Academic Press. All rights of reproduction in any form reserved.
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95Gas–Gbg Signaling as a Ventralizing Signalinjection of anti-Gas/olf antibody into the ventral part of
the embryo blocked signaling through Gas/olf-coupled re-
eptor activation and converted the fate of ventral to a
orsal one. These data suggest that signaling through Gas/
lf plays a role in specification of ventral mesoderm.
Signaling through Gbg subunits but not a subunits
lays a role in dorsoventral patterning in Xenopus. The
bove results suggest that ventralizing signals might in-
olve a Gas protein-mediated signal pathway. We then
asked whether adenylyl cyclase, the well-known down-
stream target of Gas and Gai/o, is involved in ventral
signaling. We injected adenylyl cyclase inhibitors SQ22536
and MDL12330A (Lippe and Ardizzone, 1991) into Xenopus
two- to four-cell stage embryos and carried out a similar
cAMP imaging assay using stage 8–9 animal caps as de-
scribed above. SQ22536 and MDL12330A significantly in-
hibited adenylyl cyclase activation when injected at 200
pmol/blastomere (cytoplasmic final concentration of 1 mM)
(Mann–Whitney U test, P , 0.001) and 12 pmol/
blastomere (cytoplasmic final concentration of 60 mM)
(Mann–Whitney U test, P , 0.01), respectively (Fig. 4A).
t these doses, neither of these reagents had any effects
Figs. 4B and 4C) on early embryo development. It is
ossible that the embryo could tolerate the reduction in
AMP levels by the adenylyl cyclase inhibitors and still
evelop normally. However, given the above results that
nhibition of either Gas or Gai/o by antibodies gave rise to
the same dorsalizing phenotype (Fig. 3), the anti-Gas/olf
antibody-induced dorsalizing effect may possibly not be due
to a direct effect of Gas on adenylyl cyclase.
We then considered that the Gbg subunits might have a
role in ventral signaling. We overexpressed the Gbg binding
egion of bARK, bARK1 C-terminus (bARK1-CT).
bARK1-CT corresponds to amino acids 495–689 of bovine
bARK1 (Koch et al., 1993), which has been used in multiple
studies to inhibit the specific actions of Gbg (Koch et al.,
1994; Hawes et al., 1995). For a negative control, bARKNT,
corresponding to amino acids 329–496 of rat bARK1
DNA, was used. When bARK1-CT RNA was injected into
entral blastomeres of four-cell stage Xenopus embryos, an
ctopic dorsal axis was induced (Fig. 5). At a lower dose of
bARK1-CT RNA of 1 ng/blastomere (final concentration of
induced an ectopic partial dorsal axis, with a potency of anti-Gas/
ars. (B) Embryos injected ventrally with 8 ng/blastomere of anti-G
re shown. Arrows indicate the ectopic dorsal axis induced by anti-
7/38 are shown. (C) Transverse sections of embryos at stage 37/3
r anti-Gai/o/t/z antibodies into two ventral blastomeres are sh
otochords were observed. Ectopic muscle (m) fused across the mid
njection of anti-Gas/olf or anti-Gai/o/t/z antibodies respecifies the
were explanted from stage 10–10.5 early gastrula embryos which re
the presence of chordin, noggin, Xvent1, and EF-1a. EF-1a is a load
aGai/o/t/z, anti-Gai/o/t/z antibody injected; rIgG, normal rabbit Ig
ontrol that contains no RT. chordin and noggin were induced in annoggin was induced in anti-Gas/olf but weakly in anti-Gai/o/t/z antibo
Copyright © 2000 by Academic Press. All rightmg/ml), an ectopic posterior dorsal axis consisting of an
ectopic neural tube and expanded muscle tissue was in-
duced (Fig. 5C), whereas overexpression of bARKNT had no
effect. Increasing the dose of bARK1-CT RNA to 2 ng/
lastomere (final concentration of 10 mg/ml) produced em-
bryos with posterior truncations (Fig. 5A). RT-PCR studies
(Fig. 5D) of early dorsal markers revealed that in VMZ
explants, bARK1-CT injection induced an organizer gene,
hordin (Sasai et al., 1994), and a dorsal mesoderm marker,
a-actin (Stutz and Spohr, 1986), whereas the expression of
Xvent-1 (Gawantka et al., 1995) was blocked, which was
not observed in the control bARKNT RNA-injected animal
caps. These data resemble findings in the case of anti-Gas/
olf-injected marginal zone explants. In light of these results,
Gbg probably has a role in transducing ventral signals and a
lockade of this signal would convert the ventral to a dorsal
ate.
Dorsoventral patterning through Gbg occurs through
activation of the PI messenger system. We next at-
tempted to demonstrate if activation of Gas/olf stimulates
he Gbg–PI pathway in Xenopus embryos and if anti-Gas/
olf antibody induces ectopic axis through inhibition of the
Gbg–PI pathway. It has been reported that the overexpres-
ion of free Gbg facilitated agonist-stimulated PLC activa-
tion (Zhu and Birnbaumer, 1996). To increase the agonist-
stimulated PLC activation, we overexpressed wild-type
transducin bg dimers (Hurley et al., 1984; Sugimoto et al.,
1985) together with b2AR RNA in Xenopus embryos. In
enopus animal caps co-injected with b2AR and wild-type
transducin bg dimer RNAs, we noted Ca21 transients in a
population of cells in response to arterenol (Fig. 6A). Eleva-
tion in [Ca21]i was observed in approximately five or six
cells per animal cap for a period of 3 min in typical
experiments (Fig. 6A). Injection of anti-Gas/olf antibody
significantly blocked this ligand-gated Ca21 release (Figs. 6B
and 6C), compared to that in the uninjected embryos
(Mann–Whitney U test, P , 0.05) or to that of control
rabbit normal IgG (Mann–Whitney U test, P , 0.05). The
basal level of Ca21 in transducin bg-overexpressed animal
aps was not significantly altered (S.K. unpublished results).
his type of Ca21 transient was not observed unless the
igand, arterenol, was applied. The dose of anti-Gas/olf
anti-Gai/o/t/z. Numbers of embryos examined are shown above
lf, anti-Gai/o/t/z, or anti-Gaq/11 antibodies or normal rabbit IgG
olf and anti-Gai/o/t/z antibody injection. Embryos at tadpole stage
ich were previously injected with 8 ng/blastomere of anti-Gas/olf
. Arrows indicate the ectopic neural tube (2nd nt). No ectopic
as well as unorganized ectopic neural tissues (n), was observed. (D)
cular characteristics of VMZs to those of DMZs. VMZs and DMZs
ed injections. RNA from the explants was analyzed by RT-PCR for
ontrol. non, uninjected; aGas/olf, anti-Gas/olf antibody injected;
ected. Lanes: E, whole embryos; D, DMZs; V, VMZs; 2, a negative
s/olf and anti-Gai/o/t/z antibody-injected marginal zone explants.olf @
as/o
Gas/
8 wh
own
line,
mole
ceiv
ing c
G inj
ti-Gady-injected marginal zone explants.
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96 Kume, Inoue, and Mikoshibaantibody to inhibit Ca21 mobilization (8 ng/blastomere)
correlates well with the dose for the induction of dorsal fate
(8 ng/blastomere). Taken together, the results we have
shown here strongly suggest that Gas participates in the
vent of dorsal–ventral patterning by dissociation of Gbg
subunits, which in turn activates IP3–Ca21 signaling by
activating PLCb.
DISCUSSION
In the present study, we used affinity-purified antibodies
raised against the C-terminal peptides of G protein a
subunits, Gaq/11, Gas/olf, and Gai/o/t/z, which inhibit the
activity of corresponding a subunits. Figure 7 shows the
scheme of receptor–G protein coupling and signal transduc-
tion to the effectors and sites of inhibition by the inhibitors
FIG. 4. Induction of ectopic axis upon inhibition of Gas does n
changes in [cAMP], shown as % ratio normalized by baseline v
pmol/blastomere, n 5 13) or MDL12330A (4 pmol/blastomere
o-drug-injected animal caps (n 5 19). Injections were made into e
tage 8–9. Injection of adenylyl cyclase inhibitors SQ22536 (200
nhibited Gas-mediated activation of adenylyl cyclase upon ligand
ann–Whitney U test, **P , 0.001; MDL12330A, Mann–Whitne
njection of SQ22536 (200 pmol/blastomere) or MDL12330A (12 pm
istogram of frequency of axis duplication induced by ventral inj
howed no effect in inducing an ectopic dorsal axis. Numbers of eused in this study. These anti-C-terminal peptides of Ga
Copyright © 2000 by Academic Press. All rightsubunit antibodies inhibit binding of Ga to the receptor
without interfering with the interaction of Ga with effec-
tors such as PLCb or adenylyl cyclase (Mitchell et al., 1991).
We found that inhibition of Gas/olf subunits strongly
induced a redirection of ventral to a dorsal fate. The
inhibition of Gaq/11 had no gross effects. Inhibition of
Gai/o/t/z also yielded a conversion of ventral to a dorsal
ate, albeit with a much lower extent. This Gas-coupled
igand–receptor system might also have a lower affinity
ith Gai/o. Otherwise, there might be a Gai/o-coupled
igand–receptor system, which also plays a role during
orsoventral axis formation. The blocking potency of anti-
ai/o antibody was not as strong as that of the anti-Gas/olf
antibody, thereby showing a weaker effect on conversion of
ventral fate to dorsal. The decreased frequency of ectopic
dorsal axis formation with the anti-Gai/o/t/z antibody
could be due to a weaker affinity of this antibody.
volve signaling through inhibition of adenylyl cyclase. (A) Peak
, are compared among animal caps injected with SQ22536 (200
18; 12 pmol/blastomere, n 5 11) and those of the control
of the four blastomeres at the four-cell stage. Assays were done at
l/blastomere) or MDL12330A (12 pmol/blastomere) significantly
renol) application in b2AR-overexpressing animal caps (SQ22536,
est, *P , 0.01). Values are expressed as means 6 SEM. (B) Ventral
lastomere) showed no gross effect on embryonic development. (C)
n of different doses of SQ22536 or MDL12330A. These inhibitors
os examined are shown above bars.ot in
alues
, n 5
ach
pmo
(arte
y U t
ol/b
ectioWhile the inhibition of adenylyl cyclase had no effect on
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97Gas–Gbg Signaling as a Ventralizing Signalembryo development, blockade of Gbg by overexpression of
bARK1-CT also induced conversion of the ventral fate to a
FIG. 5. Inhibition of Gbg subunits induced an ectopic axis. (A) Ov
ectopic dorsal axis. Increasing dose of bARK-CT up to 2 ng/blast
formation. Overexpression of bARKNT as a negative control had n
of axis duplication induced by ventral injections of different doses
umbers of embryos examined. (C) Hematoxylin and eosin stai
bARK-CT RNA. Arrow depicts an induced ectopic neural tube. (D
molecular characteristics of VMZs to those of DMZs. RNA from th
Xvent-1, and EF-1a. bARK-CT, bARK-CT RNA injected; bARKNTdorsal one. These phenotypes resemble those of our previ- a
Copyright © 2000 by Academic Press. All rightusly reported phenotypes by injection of functional inhibi-
ory antibodies directed against the IP3 receptor (Kume et
ression of bARK-CT as low as 1 ng/blastomere can induce a partial
re induced a combined posterior truncation with an ectopic axis
ect. Embryos are shown at stage 37/38. (B) Histogram of frequency
RK-CT, bARKNT, or b-globin. Numbers above the bars indicate
of transverse section of embryo injected with 1 ng/blastomere
ction of bARK-CT, but not bARKNT or b-globin, respecifies the
lants was analyzed by RT-PCR for the presence of chordin, a-actin,
RKNT RNA injected; bglobin, b-globin RNA injected.erexp
ome
o eff
of bA
ning
) Inje
e expl., 1997b). Here, we have also shown that activation of
s of reproduction in any form reserved.
a98 Kume, Inoue, and MikoshibaFIG. 6. Gas-coupled b2AR activation elicits IICR that is inhibited by anti-Gas/olf antibodies. (A and B) Normal rabbit IgG- (A) and
nti-Gas/olf antibody- (B) injected Xenopus animal caps. Activation of exogenously expressed Gas-coupled b2AR elicited intracellular Ca21
elevation in a small number of cells in control animal caps (A) but not in animal caps injected with anti-Gas/olf antibody (B). Embryos at
the two-cell stage were injected sequentially with the calcium indicator fura-2 at 20 mM, an RNA cocktail of Gbg and bAR RNAs, and then
normal rabbit IgG or anti-Gas/olf antibody. Animal caps of blastula stage (stage 8–9) embryos were excised and subjected to calcium
Copyright © 2000 by Academic Press. All rights of reproduction in any form reserved.
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99Gas–Gbg Signaling as a Ventralizing SignalGas-coupled receptor elicited an elevation in [Ca21]i in a
specific population of cells. Taken together, these results
strongly suggest that the Gas family of G proteins has a role
in transducing ventralizing signals during dorsoventral axis
formation, by relaying signals to Gbg subunits, which in
urn activate IP3–Ca21 signaling.
Components of Gas-coupled PLC activation in Xenopus.
Many cell surface receptors respond to hormones and neu-
rotransmitters by activating heterotrimeric G proteins. Ac-
imaging. Time course of Ca21 changes (F340/F380 ratio) in cells
uorescence images. (b–d and f–h) Ca21 images (F340/F380 ratio) a
f 10 mM arterenol. (C) Ca21 elevation by Gas-coupled b2AR activa
f the total animal cap cells showed Ca21 transients, the number of
nto four categories according to the number of cells which showed
than 10 cells. Filled bars, anti-Gas/olf antibody-injected anima
IgG-injected animal caps. The distribution pattern of anti-Gas/o
ifferent from that of normal rabbit IgG-injected animal caps (P ,
FIG. 7. Schematic drawing of the signaling pathway for the ven
subunits as active forms. Active Gas or Gai/o subunits stimulate or
LCb. PLCb catalyzes the hydrolysis of PIP2 to produce diacylg
ytoplasmic storage site, endoplasmic reticulum, to the cytosol
ortions of G protein a subunits block activation of G proteins an
dimer. To test the function of as subunit, adenylyl cyclase inhibit
dimer, bARK was used to titrate out free bg dimers. In this study,
n no effect in the dorsal–ventral fate, injection of anti-Gas/olf or an
enopus embryos led to respecification of ventral fate to a dorsal o
imilar to that which we previously reported by injection of a fun
(Kume et al., 1997b). Arrows, activation; arrowhead with broken lP , 0.05).
Copyright © 2000 by Academic Press. All rightivation of a G protein is accomplished by the dissociation
f its a subunit from the bg dimer, both of which in turn
odulate target effectors. Conventional classification de-
nes a given G protein-coupled receptor according to the
ype of Ga subunit involved in the coupling event. Gas-
oupled receptors stimulate adenylyl cyclase, and Gaq-
oupled receptors stimulate PLC. Gai/o-coupled receptors
timulate PLC via dissociation of the bg dimer. There are
everal lines of evidence that Gas stimulates PLC and
cated by circles is plotted by the same colors. (a and e) Fura-2
e points indicated in the plots. The stippled bars show application
was inhibited by anti-Gas/olf antibody. Since only a small portion
nding cells was counted. Ca21 elevation in animal caps was divided
transients: 2, no cell; 6, less than 5 cells; 1, 5–10 cells; 11, more
s; open bars, uninjected animal caps; gray bars, normal rabbit
ibody-injected animal caps in these categories was significantly
, Mann–Whitney U test) and from that of uninjected animal caps
ing signal. Receptor activation by agonists releases Ga and Gbg
tivate adenylyl cyclase (AC), respectively. Free Gbg dimer activates
ol and IP3. IP3 in turn binds to IP3R and releases Ca21 from its
ibitory antibodies raised against C-terminal receptor-interacting
refore cannot distinguish the effect between Ga subunits and bg
DL 12330A and SQ22536, were used. For blocking the active bg
owed that while injection of MDL 12330A and SQ22536 resulted
ai/o/t/z antibodies and bARK-CT into the ventral part of the early
lthough the potency of each inhibitor differs, the phenotype was
al inhibitory antibody directed against IP3 receptor (anti-IP3R Ab)
nhibition; T-shape bar, block.indi
t tim
tion
respo
Ca21
l cap
lf ant
0.05traliz
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100 Kume, Inoue, and Mikoshibasubsequent IP3-dependent Ca21 release. Injection of anti-
Gas oligonucleotides selectively blocked evoked response
f the thyrotropin-releasing hormone receptor in Xenopus
ocytes (de la Pena et al., 1995). Deletion or point mutation
tudies of the Gas subunit identified regions of Gas linked
to adenylyl cyclase and PLC activation. The constitutively
activated Q225L mutant of Gas in F9 teratocarcinoma stem
cells strongly activated PLC (Gao and Malbon, 1996). Nev-
ertheless, it is not clear if stimulation of PLC is due to a
direct effect of Gas or to an indirect effect through Gbg.
Xenopus Gas cDNA was shown to have a 75–89% amino
acid identity to mammalian homologues (Olate et al., 1990;
tte et al., 1992), thereby suggesting a similar function of
his well-conserved protein. During early development of
enopus, Gas subunit is expressed in abundance, even
qually as much as other Ga subunits, such as Gaq or Gai/o
t both RNA and protein levels (Otte et al., 1992). The Gas
subunit has been implicated in meiotic maturation of
Xenopus oocytes (Gallo et al., 1995) and in mediating the
initial phases of neural induction in Xenopus (Otte et al.,
1992) and has been shown to have an important role in
progression to primitive endoderm in F9 cells (Gao and
Malbon, 1996).
Here, we observed Gaq-coupled [Ca21]i increase in whole
animal caps. This result demonstrates that all the compo-
nents involved in the signal transduction pathway for
Gaq-coupled PLC stimulation are expressed and functional
n whole animal cap, which includes Gaq, PLC and XIP3R.
IP3R was previously shown to be localized in the entire
nimal cap (Kume et al., 1997a). The overall Gas-coupled
denylyl cyclase activation or Gai/o-coupled adenylyl cy-
clase inhibition in the whole animal cap shows that Gas
and Gai/o are also evenly expressed and proved to be
unctional in the whole animal cap. However, Gas-
timulated PLC activation and Ca21 transients were seen in
a limited portion of the cells (Fig. 6). Although the reason
only a small population of cells responds to Gas stimula-
ion is unknown, a hypothesis could be raised as follows.
ince the receptor (b2AR or mAChR2) and Gbg were
verexpressed, the ligands were exogenously applied, and
as was expressed in almost all cells of the animal caps;
herefore, the possible molecule expressed in a limited
ubset of cells could be PLC. In the Xenopus oocyte, a form
f PLC (PLC-bX), which has been cloned, shares 33–64%
mino acid identity to mammalian PLCb isoforms. There
re several lines of evidence which support the existence of
dditional unknown types of PLC in Xenopus. It was shown
hat recombinant PLCbX was not activated by the PTX
substrate G proteins Gai1, Gai2, Gai3, or Gao (Filtz et al.,
1996), and PTX-sensitive mAChR1-mediated signal was
reported (Ma et al., 1993). Furthermore, antisense oligonu-
cleotides against PLC-bX blocked sphingosine-1-
phosphate- but not lysophosphatidic acid-mediated activa-
tion of IP3–Ca21 signaling (Noh et al., 1998). Thus, Gaq-
oupled [Ca21]i increase in animal cap cells could possiblybe mediated by PLC-bX, whereas the Gas-coupled [Ca21]i
Copyright © 2000 by Academic Press. All rightincrease observed in a limited subset of cells might be
mediated by a yet unknown type(s) of PLC.
Gas-mediated Ca21 mobilization. Here, we overex-
pressed wild-type free Gbg together with Gas-coupled re-
eptor, b2AR, to facilitate agonist-stimulated PLC activa-
tion. One possible interpretation of the mechanism of
potentiation by free Gbg is that overexpressed Gbg may be
bound to endogenous Xenopus Gas and prevent the reasso-
ciation of heterotrimeric G proteins upon agonist-evoked
activation of the b2AR receptor, thereby increasing the
ime that endogenous Gbg is free. In contrast to the strong
coupling to adenylyl cyclase, the coupling of b2AR to Ca21
mobilization was weak and required a higher concentration
of the ligand. This feature of Gas-coupled Ca21 mobiliza-
tion is similar to that of Gai/o-coupled mAChR2 (Ash-
kenazi et al., 1987), in which a higher ligand concentration
is required. Another distinction of Gas-mediated Ca21 mo-
ilization was that only a few cells in the animal caps
howed Ca21 elevation in contrast to the Gaq-coupled
eceptor activation in which a large cell population re-
ponded. Activation of Gas led to elevation in [Ca21]i, as
observed in approximately five or six cells of one animal cap
for a time window of 3 min (Fig. 6A). The frequency of cells
showed that Ca21 elevation was approximately 0.2–2% of
otal cells mass per minute. Similar Ca21 transients were
eported in zebrafish overexpressed with a Frizzled homo-
ogue or Xwnt-5a (Slusarski et al., 1997a,b), in which
pontaneous Ca21 transients, but not evoked Ca21 tran-
sients, were measured. In that case, the occurrence of
spontaneous Ca21 transients was about six transients/min
n rat frizzled-2-overexpressed and three transients/min in
ontrol zebrafish embryos, measured at 32- to 64-cell to
000-cell stages (Slusarski et al., 1997a), which is equiva-
lent to approximately 0.6–6% of total cells per minute and
is comparable to our findings. The significance of utiliza-
tion of the Gas-mediated Ca21 transients instead of Gaq/11
for relaying ventralizing signals in the embryo remains
unknown. If an unknown Gaq-coupled receptor X mediated
the ventral signal, large Ca21 transients would occur even in
cells with lower expression level of the receptor X, which
might be too toxic for cell survival. Utilizing the Gas–PLC–
IP3–Ca21 signaling pathway might enable cells to control
the frequency and spatial pattern of Ca21 transients in a
ore rigid manner.
Ca21 signaling and dorsoventral axis formation. In
Xenopus, patterning of the body axis occurs by sequential
inductive events. Maternal activation of the Wnt pathway
is required for the initiation of axis formation, by creating a
Nieuwkoop center and mediating the dorsalizing function
of the Nieuwkoop center. The Spemann organizer of the
Xenopus embryo can be subdivided into two discrete activi-
ties, namely trunk organizer and head organizer. The mo-
lecular mechanism of trunk-organizer formation involves
several factors secreted from the blastopore lip that act by
repressing signaling by bone morphogenetic proteins
(BMPs), which antagonizes the organizer.Our finding that anti-Gas/olf antibody or bARK injection
s of reproduction in any form reserved.
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101Gas–Gbg Signaling as a Ventralizing Signalinduced trunk but not head organizer is similar to our
previous results using anti-IP3R inhibitory antibodies. In-
jection of Gas or bARK both induced ventral mesoderm to
xpress Chordin and Noggin, which are BMP antagonists
Sasai et al., 1995; Piccolo et al., 1996; Zimmerman et al.,
996). These results correlate with the facts that the sec-
ndary axes induced by Noggin, Chordin, and truncated
MP receptors often lack the anteriormost structures (Graff
t al., 1994; Sasai et al., 1994; Lustig et al., 1996) and that
ead induction requires simultaneous repression of BMP
nd Wnt signaling in Xenopus (Glinka et al., 1997, 1998).
he IP3–Ca21 signaling system may crosstalk with the BMP
pathway, which mechanism still remains unknown.
There are other candidates for upstream factors that may
activate the IP3–Ca21 signaling system. Zygotic activation
of the Wnt pathway is suggested to be required for ventro-
lateral mesoderm formation. Members of the Wnt-5a class
of proteins do not induce ectopic dorsal axis duplication,
unless coexpressed with certain members of the frizzled
family (He et al., 1997), yet they do decrease cell adhesion
and perturb morphogenetic movement during gastrulation
in Xenopus embryos. There is evidence that the Wnt-5a
class can function in a non-cell-autonomous manner to
block the ability of members of the Wnt-1 class to induce a
secondary axis (Torres et al., 1996). Overexpression of
Xwnt-5a with rat frizzled-2 increased the frequencies of
Ca21 spikes in zebrafish (Slusarski et al., 1997b). Here, we
showed that activation of Gas/olf-coupled receptor elicited
Ca21 transients, of an interval which resembled that re-
ported for Xwnt-5a (Slusarski et al., 1997a). It will be of
interest to determine whether Xwnt-5a is the endogenous
upstream ligand that activates IP3–Ca21 signaling during
mbryonic development.
The downstream targets of the Ca21 transients during
arly embryonic axis formation remain largely unknown.
here is evidence that varying the frequency or intensity of
a21 transients can alter the physiological output (Berridge,
997). One well-known example of molecules modulated
y frequency of Ca21 is calmodulin-dependent kinase II,
hich regulates other enzymes dependent on Ca21. The
nzyme is activated to varying degrees depending on the
requency of Ca21 oscillations (De Koninck and Schulman,
1998). It has been shown that the same total amount of IP3
elicited much more gene expression when introduced peri-
odically at an optimal interval than periodically at other
intervals, introduced as a single pulse, or supplied at a
constant concentration (Li et al., 1998). It has also been
shown that cells are sensitive to modest changes in the
concentration of Ca21 and that different transcription fac-
ors are selectively activated by varying the intensity of
a21 signals (Dolmetsch et al., 1998). Therefore, varying the
requency or intensity of the Ca21 rise can contribute to
ctivation of different subsets of developmental genes.
xaminations of the types of IP3–Ca21 signaling which
activate separate sets of genes and, in turn, lead to a specific
developmental program is expected to elucidate the mecha-
nism underlying the early developmental events.
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